Abstract: Greater neck girth and strength may be associated with a lower risk of sport-related concussion due to mitigation of head accelerations by the neck. However, neck strengthening exercise remains unstudied in youth athletes. Therefore, this pilot study assessed the feasibility and effect of targeted neck strengthening exercises in youth athletes. Seventeen participants were allocated to perform 8-wk manual resistancebased neck strengthening (n = 13) or control resistance exercise (n = 4) programs. Before and after the intervention, participants completed laboratory-based assessments of neck size, strength, and head kinematics during standardized test loading in each plane of motion. Descriptive statistics were calculated to compare pre-post changes between the two groups. All participants safely and successfully completed the intervention. Neck girth and strength increased in both groups, with greater increases in the neck strengthening group. Across all planes of motion, overall changes in head linear and angular velocity decreased in both groups, with greater decreases in ΔV in the neck strengthening group and greater decreases in Δω in controls. These results suggest the potential for resistance exercise training to reduce youth athletes' risk for sport-related concussion by increasing neck girth and strength. Additional research is needed to determine optimal neck strengthening programs. S port-and recreation-related concussion (SRC) is a common injury estimated to affect as many as 3.8 million Americans each year.
S port-and recreation-related concussion (SRC) is a common injury estimated to affect as many as 3.8 million Americans each year. 1 Concussions are associated with significant shortand long-term morbidity and are now widely recognized as a major public health concern in the United States. 2 While all athletes are at risk for SRC, children and females are at elevated risk. [3] [4] [5] [6] This may be due, in part, to the fact that they have smaller, weaker necks as compared with adults and males. [7] [8] [9] [10] [11] A larger, stronger neck has been theorized to more effectively counter external forces acting on the head, thus decreasing the magnitude of the head's kinematic response to impact and in turn reducing the risk of SRC. 12, 13 The strongest evidence that greater neck girth and strength reduce the risk of SRC comes from a large epidemiological study involving 6704 high school male and female soccer, basketball, and lacrosse athletes. 14 In this study, the risk of sustaining SRC was significantly associated with smaller mean neck circumference, lower mean neck to head circumference ratio, and lower overall neck strength, with a 5% decrease in odds of concussion reported for every 1-lb increase in neck strength. In addition to this field-based study, multiple laboratory-based research studies have also demonstrated inverse associations between neck size, strength, and stiffness and head acceleration magnitudes after application of small test loads to the head. [15] [16] [17] [18] If greater neck girth and strength are associated with lower magnitudes of head acceleration in response to an applied load and a decreased risk of concussion in populations of athletes, then it follows that strengthening an individual athlete's neck should lead to decreased head accelerations during test load application in the laboratory as well as a reduced risk for SRC in the field. To date, only a single interventional study has addressed this question in a laboratory setting, 19 and no studies have investigated the effect of neck strengthening exercise on athletes' risk of SRC in the field. In the previously mentioned laboratory-based study, Mansell et al. 19 randomly assigned 36 male and female collegiate soccer athletes to either an 8-wk cervical resistance training program consisting of isotonic neck flexion and extension exercises or a control program including the same upper and lower limb exercises without targeted cervical resistance training. Although the neck exercise group demonstrated overall increases in neck girth and isometric strength, no corresponding decrease in peak angular head acceleration magnitudes was observed during test loading. We therefore conducted this pilot investigation to study the feasibility and effect of targeted neck strengthening exercises applied in each anatomical plane of motion in youth athletes. Our rationale was that a less highly trained youth population training in all three planes of motion might have greater potential for improvement than the elite collegiate athletes previously studied, 19 who may have been limited by a ceiling effect and trained only in sagittal plane flexion/extension. We hypothesized that athletes performing the neck strengthening exercises would experience decreased head accelerations during test loading in each anatomical plane (primary outcomes), with associated increases in measures of neck size and strength (secondary outcomes). We also conducted an exploratory analysis to assess for changes in voluntary muscle activation patterns during anticipatory cervical muscle cocontraction, given our previous work demonstrating that bracing for impact reduced athletes' head accelerations during test load application. 15 
METHODS
This pilot study was conducted during a single summer using a prospective, two-cohort repeated measures design. Participants completed two identical laboratory sessions 1 wk before and 1 wk after an 8-wk supervised resistance exercise program administered by a Certified Strength and Conditioning Specialist (CSCS). The exercise program included general resistance training exercises for all participants, plus additional exercises designed to target the cervical musculature for those participants allocated to the neck strengthening exercise group. During each laboratory session, overall neck girth, the sonographic cross-sectional area (CSA) of the sternocleidomastoid (SCM) muscle, the peak moment generated by the neck during maximum voluntary isometric contraction (MVIC) in each plane of motion, and the head's linear and angular accelerations in response to application of standardized test loads in each plane of motion were measured. Surface electromyography (sEMG) of four key cervical muscles was also recorded during MVIC testing and voluntary cervical muscle co-contraction.
Study Participants
A total of 17 (n = 15 males, n = 2 females) participants aged 14.8(1.8)yrs participated in this pilot study. Male and female athletes competing in an organized contact or collision sport at either the middle or high school level were eligible. Recruitment was through postings in local schools and athletic facilities, as well as through the University of Michigan's online clinical research recruitment Web site. Potential participants were excluded if they had sustained a concussion or experienced any neck pain in the preceding 6 mos; had any history of significant neck injury, including whiplash, stinger/burner, or cervical radiculopathy; migraine headaches; any other neuromusculoskeletal disease/injury involving the spine or upper limbs; any condition known to be associated with atlantoaxial instability; a personal or parental history of anxiety disorder; if they reported any unexplained episodes of upper limb numbness or weakness; or if they were pregnant. Other exclusion criteria were participation within the previous 6 mos in a resistance training program including exercises intended to target the neck musculature or any inability to participate in resistance exercise training. All potential participants also underwent a brief screening examination to rule out any physical findings potentially associated with cervical spine injury, cervical radiculopathy, or myelopathy. All participants provided informed written consent or assent with parental consent for minors. This study was approved by the Institutional Review Board of the University of Michigan Medical School and registered with ClinicalTrials.gov (ID# NCT02455037).
Exercise Program Details
Participants completed a total of 16 twice-weekly exercise sessions with the CSCS for a period of 8 wks, with a minimum of 1 day of rest between consecutive sessions. Participants were allocated into the neck strengthening (n = 13) and control (n = 4) groups using weighted block randomization, stratified by sex and age group (middle school vs. high school). This strategy was adopted to guarantee that at least some participants in each sex/age-group stratum would be allocated to the neck strengthening group in the event of low or imbalanced enrollment. All participants performed a standardized set of general resistance exercises targeting the chest, shoulders, back, upper and lower limbs, and core. In addition, those participants allocated to the neck strengthening group also performed manual resistance exercises in sagittal plane flexion and extension, coronal plane lateral flexion in both directions, and axial plane rotation in both directions, as well as dumbbell shoulder shrugs under a similar protocol to that recently advocated by Caswell et al. 20 The manual resistance exercises were performed lying horizontally on a standard weight lifting bench in the supine (flexion and axial rotation), prone (extension), or right/left side lying position (lateral flexion) as illustrated in Figure 1 . For each repetition, the CSCS applied steady manual resistance through the full cervical range of motion during both the concentric and eccentric phases of motion, so each repetition lasted for a total duration of 3 secs. During the more technically challenging axial rotation exercises, the CSCS applied resistance at the chin, rather than the posterior jaw, to ensure training in rotation as opposed to lateral flexion and/or extension. The dumbbell shoulder shrugs were performed at a tempo allowing for steady controlled movement to be maintained throughout the concentric and eccentric phases with a brief pause at the top of the shrug motion using the maximum load comfortably completed by each participant for the target number of repetitions while maintaining correct form. The neck strengthening exercise program progressed in volume and intensity for the 8 wks to accommodate muscular fitness adaptation as follows: week 1: 1 set Â 10 repetitions for shrugs and 1 set Â 6 repetitions for the manual resistance exercises; week 2: 1 set Â 10 repetitions for both shrugs and manual resistance exercises; week 3: 2 sets Â 10 repetitions for both; and weeks 4 to 8: 3 sets Â 10 repetitions for both. Exercise sessions took approximately 40 and 60 minutes for participants in the control and neck strengthening exercises groups, respectively. All exercises were performed in accordance with National Strength and Conditioning Association standards. 21 
Laboratory Testing Protocol
During each laboratory session, the areas under the linear and angular head acceleration curves (primary outcome measures) were recorded during standardized test loading in flexion, extension, right lateral flexion, and left axial rotation using a customized laboratory testing apparatus as previously described by our group. 15 Briefly, participants sat upright with their torsos belted to a vertical stabilizing pad and actively co-contracted their cervical musculature to brace their heads against standardized test loads delivered in each plane of motion by a weight drop apparatus affixed to their head by a tight-fitting headgear as illustrated in Figure 2 . Participants wore triads of optoelectronic markers (infrared emitting diodes) affixed to their heads to allow tracking of their head position in space by a Certus optoelectronic camera system (Northern Digital, Inc, Waterloo, Ontario, Canada). The primary outcomes are presented as the changes in linear and angular velocity of the head, ΔV in meter per second and Δω in degree per second, given the mathematical equivalence of these values to the areas under the acceleration versus time curves.
Secondary outcome measures assessed neck size and strength. Neck girth was measured (in centimeter) using a flexible metric tape at the level of the thyroid cartilage. 15 The anatomic CSA of the left SCM muscle was measured (in square centimeter) in the muscle's short axis, that is, normal to the muscle fiber orientation, at the midpoint between the sternal notch and the mastoid process using a Sonix Touch Research ultrasound machine with a 38-mm, 14-MHz linear array transducer (Analogic Corp, Peabody, MA). 15 The peak cervical moments generated during MVIC in flexion, extension, left lateral flexion, and axial rotation to the right were determined using a two-step process. First, the peak force generated by the neck while pulling a cable, affixed to the head by tight-fitting headgear and fixed at the opposite end to the wall, was measured (in Newton) using an in-line force transducer (TLL-500; Transducer Techniques, Temecula, CA) as illustrated in Figure 2 . 15 Measured force values were then converted to moments (in Newton meter) by multiplying each force value by the neck's estimated moment arm, assuming a fixed axis of rotation about C7 for flexion, extension, and lateral flexion, 22, 23 and a fixed axis of rotation about the midpoint of the ears for axial rotation. 24 Descriptive statistics were calculated to present pre, post, and pre-post change values for each primary and secondary outcome measure. Single sample t tests were used to assess whether pre-post changes differed from zero within each group, whereas independent samples t tests were used to compare pre-post changes between the two groups.
For the exploratory muscle activation analysis, Delsys Trigno sEMG electrodes (Delsys Inc, Natick, MA) were placed over the left SCM, upper trapezius, splenius capitis, and semispinalis capitis muscles using previously described surface landmarks. 24, 25 These muscles were selected because they have been shown to be primarily responsible for force generation in the four planes of cervical spine motion. 26 The activation of each target muscle was measured during MVIC testing, as well as during voluntary cervical muscle co-contraction where participants were instructed to maximally activate their neck muscles as if bracing for a collision. Raw sEMG data were processed and normalized with respect to each muscle's maximum amplitude. 24, 27, 28 The number of participants with at least 1 SD increase in voluntary cervical muscle activation (i.e., an increase in the percentage of maximal sEMG amplitude achieved during active bracing after the intervention, as compared with baseline) was compared between the two groups for each muscle.
RESULTS
The stratified group allocation strategy resulted in ten high school-aged males, one high school-aged female, one middle school-aged male, one middle school-aged female in the intervention group, and four high school-aged males in the control group. As a result of the imbalanced sex-age group mix, the neck strengthening group was slightly younger (14. Absolute pre-post decreases in ΔV and Δω were observed in both groups in all planes of motion, except for Δω in axial rotation. The magnitude of within-group change reached statistical significance in the intervention group for ΔV and Δω in extension (P = 0.004, and P = 0.001, respectively) and for Δω in lateral flexion (P = 0.011). Within-group, pre-post change magnitudes were significant for ΔV in lateral flexion in both groups (P = 0.005 and P = 0.033 for the intervention and control groups, respectively). Absolute pre-post increases were observed in the intervention group for every secondary outcome measure, with the exception of SCM CSA, although the magnitude of within-group change reached statistical significance only for neck girth (P = 0.009). In the control group, absolute pre-post increases were observed for neck girth, flexion moment, and rotation moment, with the magnitude of within-group change reaching statistical significance for rotation moment (P = 0.023). Designates significant within-group pre-post change at P < 0.05. ΔV, change in head linear velocity; Δω, change in head angular velocity.
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Pre-post changes did not significantly differ between the intervention and control groups for any primary or secondary outcome variable (all P > 0.05). The mean (SD) initial, final, and pre-post change values for each primary and secondary outcome measure in both groups are presented in Table 1 . Across all planes of motion, a trend toward a greater overall decrease in ΔV was observed in the control group (−8.8 [5.3] The exploratory muscle activation analyses demonstrated increases of at least 1 SD in cervical muscle activation during voluntary co-contraction after the exercise intervention in 4/13 (30.8%) versus 0/4 (0%) participants in the neck strengthening and control groups, respectively, for SCM, 5/13 (38.5%) versus 1/4 (25%) for trapezius, 0/13 (0%) versus 0/4 (0%) for splenius capitis, and 2/13 (15.4%) versus 0/4 (0%) for semispinalis capitis.
DISCUSSION
In this pilot study, we investigated the feasibility and effect of a manual resistance-based neck strengthening exercise intervention that can be easily implemented in youth athletes without expensive equipment. Although all exercises were administered by a CSCS in this study, appropriately trained coaches or even athletes themselves could potentially administer these manual resistance exercises in practice. Importantly, all participants were able to safely and successfully complete the 8-wk program. This stated, the subjective impression of the CSCS who administered the exercises was that the level of participant engagement was noticeably greater in the high school-aged participants than the younger middle schoolaged athletes. This is not surprising given that resistance training programs on the whole are typically emphasized more at the high school level and beyond. In addition, older, more physically mature adolescents are likely to achieve greater muscle adaptation in response to resistance training than younger adolescents, particularly younger prepubertal adolescents. We suspect that all athletes may potentially stand to benefit from neck strengthening exercises but that greater results may be obtained in high school-aged athletes as compared with younger individuals.
With regard to this study's primary outcomes, ΔVand Δω, our results differ from those of Mansell et al., 19 who found no overall decreases in sagittal-plane angular accelerations in response to application of similar laboratory-based test loads in collegiate soccer athletes. Upon completion of the neck strengthening intervention, the collegiate athletes in the previous investigation exhibited a 40% overall increase in angular head acceleration as compared with baseline in flexion. Pre-post changes in angular acceleration in extension failed to reach statistical significance in the previous study but increased from baseline for three of four sex-by-condition comparisons. The reason for the observed differences between our present results and those of Mansell et al. 19 is unclear. We suspect that the differential results may be at least partially attributable to the less highly trained youth population we studied and our inclusion of resistance exercises in all planes of motion. Small increases in overall neck girth were observed in both groups, with a 1.6 times greater increase in those who were allocated to the neck strengthening group. However, the small increases in overall neck girth were not associated with measurable increases in the anatomical CSA of the SCM muscle. It is possible that the increased neck girth was attributable to muscle hypertrophy but that the magnitude of hypertrophy occurring for the 8-wk study period was too small to be identified in a single cervical muscle. Our observed decreases in ΔV and Δω with only small associated increases in neck girth suggest potential beneficial effects from neck strengthening exercise without obvious cervical muscle hypertrophy. This has the potential to increase compliance with neck strengthening programs in those female athletes who may be concerned about the appearance of a big neck.
Neck strength, measured as the peak cervical moments generated during MVIC in each plane of motion, generally increased in both groups, with greater increases observed in the neck strengthening group than controls in flexion, extension, and lateral flexion. Across all planes of motion, neck strength increased 2.6 times more in the neck strengthening group than in controls. It is unclear whether the relatively smaller increases in neck strength observed in the control group were due to indirect effects of the general resistance training exercises performed by this group or simply age-associated effects of normal growth and maturation. However, we believe that the targeted manual resistance exercises and dumbbell shrugs performed by the neck strengthening group are likely responsible for the greater strength gains observed in this group.
The exploratory muscle activation analyses demonstrated that 53.8% of participants in the neck strengthening group experienced increased sEMG activation during voluntary cervical muscle co-contraction in at least one of the four target muscles after the intervention (21.2% of the 52 individual muscle-specific assessments), as compared with only 25% of those in the control group (6.3% of the 16 individual musclespecific assessments). This suggests that targeted neck strengthening exercises may influence voluntary cervical muscle activation patterns, which is a relevant finding given our previous work demonstrating that bracing for impact is associated with a reduction in ΔV and Δω during load application. 15 This is the first study to investigate a targeted neck strengthening exercise intervention applied in each plane of motion in a youth athlete population. These pilot results are encouraging with respect to the potential for neck strengthening to reduce the risk of concussion in youth athletes, but enthusiasm must be tempered by this pilot study's limitations. The biggest limitations of this investigation were the small, imbalanced study population and the imbalanced allocation of participants to the two study groups. These factors limit the study's power to detect statistically significant differences in pre-post changes between the groups. Post hoc power calculations suggest that between-group differences between 1.4 and 26.5 times greater than those observed in the primary outcome measures, ΔV and Δω, and between 2.9 and 24 times greater than those observed in the secondary outcomes would have been necessary to achieve 80% power to detect statistically significant differences at α value of 0.05. Furthermore, caution must be exercised when interpreting the differences in the statistical significance of observed within-group changes given that there were fewer subjects, and therefore, there was less power to detect change in the control group. In addition, this pilot study assessed only a single targeted neck strengthening exercise program and the force applied by the CSCS during the manual resistance exercises was not objectively quantified, so we cannot comment on the potential effects of different exercise programs or any potential dose-response effects. In addition, although the SCM has been shown to be the single muscle making the greatest contribution to force generation across all planes of cervical spine motion, 26 its inclusion as the only cervical muscle assessed with ultrasound excludes other relevant muscles such as trapezius, splenius capitis, and semispinalis capitis. Lastly, we performed each lateralized assessment either to the left or the right, so our study design did not have the ability to detect any potential left-right asymmetry that may have been present.
The observed increases in neck girth and strength and the associated decreases in ΔV and Δω in this pilot study are encouraging with respect to the potential for resistance training exercises to reduce youth athletes' risk for SRC. This is significant because SRC accounts for approximately 13.2% of all high school athletic injuries, 6 in the 7.8 million athletes who compete at the high school level in the United States each year. 29 These pilot results support the need for additional research to determine the incremental benefit of targeted neck strengthening exercises over general resistance training, as well as to define optimal exercise protocols for concussion risk reduction across the youth athlete population.
